In recent years, Guangxi has become one of the most severely affected provinces by epidemics of avian cholera in China. To date, the major determinant climatic factors of the disease in the region have remained largely unknown, making it difficult to effectively target countermeasures for avian cholera surveillance and control. This study aimed to quantify the relationship between climatic variables and cases of avian cholera in subtropical areas of China. Data relating to local meteorological variables and notified cases of avian cholera were supplied by the relevant authorities between January 2006 and December 2015. Spearman correlation, co-linearity statistics and crosscorrelation analysis were applied to the data, controlling for co-linearity and lag effects. A time-series Poisson regression analysis was conducted to examine the degree of correlation between the climate variables and avian cholera transmission. The results indicated that monthly mean temperature, relative humidity, rainfall and the multivariate El Niño Southern Oscillation Index, with 2-3 months lag, were correlated with avian cholera incidence. The final model had good predictive ability for the occurrence of avian cholera. Overall, the findings indicate that climate variability plays an important role in avian cholera transmission in Guangxi province. Adoption of the model presented in this study could usefully inform avian cholera surveillance strategies, making them significantly simpler and more effective. The model could also serve as a decision support tool for veterinary professionals and health authorities.
INTRODUCTION
Avian cholera is caused by the gram-negative bacterium Pasteurella multocida (P. multocida) . It is a common and widely distributed disease of farmed poultry and is of major economic importance (Campi et al., 1990; Glisson et al., 2003; Singh et al., 2013b) . P. multocida possesses a worldwide distribution and causes respiratory and septicemic disease in more than 180 species of birds (Samuel et al., 2007) . Infection causes severe, systemic disease that is invariably fatal and highly contagious, affecting both domestic poultry and wild birds (Carter, 1966; Carver et al., 2013) . Studies in poultry and turkeys have identified P. multocida in the mucosae of the pharynx, trachea, spleen, lungs, blood and liver of carrier chickens and turkeys (Curtis & Ollerhead, 1981; Muhairwa et al., 2000) . Outbreaks of avian cholera have been reported in Australia since the 1930´s (Hart, 1938) , and have also been reported widely in Europe (Christensen et al., 1998) , Africa (Crawford et al., 1992) , and Asia (Kwon & Kang, 2003; Wang et al., 2009) . In recent years the disease has become a particular problem in the emerging free-range layer industry in Australia (Singh et al., 2013a) . It is well known that outbreaks of avian cholera are the result of complex interactions between the bacterial agent, density of birds and bacteria, and the ambient environment (Wobeser, 1992) . And that meteorological factors are considered to play an important role in influencing the ambient environment. Epidemiological and microbiological investigations of infected flocks have been undertaken to better understand and ultimately reduce the number of outbreaks in certain countries (Snipes et al., 1987) , and a range of studies have provided a good understanding of the mechanisms of transmission of avian cholera within a flock (Carpenter et al., 1996) . Nevertheless, the impact of environmental conditions on flock to flock transmission is less clear.
There appears to have been no previously published reports on the quantitative relationship between meteorological variables and the transmission of avian cholera. In particular, this remains to be determined in southern China where the incidence of the disease is higher than other regions of the country, and where specific geographical features and distinct weather patterns prevail. The purpose of the present study was to quantify the relationship between climate factors and outbreaks of avian cholera in subtropical areas of China, Guangxi, in order to provide information for veterinary professionals and relevant industries operating in this area that may enable better disease control and prevention, and in particular to inform and improve the forecasting of avian cholera outbreaks and likely fluctuations in incidence.
MATERIALS AND METHODS

Study area
Guangxi Zhuang Autonomous Region is situated along the southern coast of mainland China, between latitudes 104° 29' to 112° 03' N and longitudes 20° 54' to 26° 23' E. It has close borders to Vietnam and a total land area of 237600 km 2 (Figure 1 ). Guangxi has a characteristic subtropical monsoon climate, with hot and humid summers and dry and mild winters. The subtropical monsoon climate and abundant rivers leads to frequent high temperatures, rain and floods. Guangxi was chosen as the research site in the present study because it experienced the highest percentage of cases of avian cholera in China during 2006-2015 (35.9%) . The control and prevention of avian cholera in Guangxi is therefore of high public health importance. 
Statistical analysis
Following a descriptive summarization of disease incidence and meteorological variables, Spearman correlation analysis was performed to examine for associations between the various meteorological variables. Co-linearity statistics were conducted to examine the co-linearity of climate variables and to inform variable selection for the final model. Variance inflation factors (VIF) and tolerance (T) were calculated to examine the degree of multi-collinearity among the preliminary variables. Multi-collinearity was identified when the VIF was greater than 10, and indicated those multi-co-linear variables exhibiting a strong linear relationship (Myers, 2000; Zhang et al., 2012) . Variable selection was identified by means of the corresponding Akaike information criterion (AIC) for the final model (McMillen, 2004) .
With the purpose of identifying the lag effect of climate variables on predicting avian cholera outbreaks, a cross-correlation analysis was conducted to detect associations between avian cholera cases and climate variables for a range of lags. The significance of cross-correlations were established on the basis of p values of < 0.05 if, in turn, the cross-correlation coefficient (CCC) was larger than twice the standard error (SE). In this study, the maximum correlation coefficients of climate variables was to present the significant correlation.
With the consideration of autocorrelation, seasonality and lag effects after correcting for overdispersion, in order to further determine the independent impact of climatic factors on the incidence of avian cholera, a time-series Poisson regression analysis was conducted. Incidence rate ratios (IRR) were calculated to evaluate the association between the determining factor and avian cholera cases. All estimates of IRR were calculated with an accompanying 95% confidence interval (CI) and P value. The R 2 value for predicting and the Ljung-Box Q test for autocorrelation and partial autocorrelation function of residuals, were conducted to test the goodness-of-fit of the model. All data analyses were performed in SPSS 16.0 (SPSS Inc., Chicago, IL, USA).
RESULTS
A total of 6910 reported avian cholera cases in Guangxi during the study period (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) , the highest incidences were mainly distributed in Guangxi which accounted for 35.9% of the total cases across China (19266) (Figure 2 ). Then we checked the long Qin HY, Xiao JH, Li JX Gao X, Wang HB Climate Variability and Avian Cholera Transmission in Guangxi, China term trend of disease cases and the annual variation of meteorological data (Figure 3) , where there was a trend towards an increase in the number of cases over the study period. The temporal distribution of the whole year is average distribution (Figure 4) .
The results of the spearman correlation analysis to identify associations between the various climate variables are shown in Table 1 . The following variables were significantly correlated with each other, with low to moderate correlation coefficients over the study period: monthly mean temperature; monthly mean maximum temperature; monthly mean minimum temperature; relative humidity; rainfall, and; MEI. According to co-linearity statistics, variance inflation factors (VIF) of the following variables: monthly mean temperature; mean minimum temperature, and; Climate Variability and Avian Cholera Transmission in Guangxi, China mean maximum temperature, were higher than 10 and the tolerance values lower than 0.1, indicating significant co-linearity between these variables (Table  2 ). According to the AIC criterion, monthly mean temperature was included as a predictive variable in the final model. As shown in Table 3 , the monthly climate variables that were significantly correlated with the reported incidence of avian cholera included mean temperature, rainfall, relative humidity and MEI, with lags of 2 to 3 months. The Poisson regression model revealed that the occurrence of avian cholera cases was first order autoregressive, meaning that incidence in any given month was affected by meteorological conditions in the previous month. Moreover, after controlling for the autocorrelation, seasonality, and long-term trend, monthly mean temperature at a lag of 3 months, as well as monthly mean relative humidity at a lag of 2 months, accumulative rainfall at a lag of 2 months and MEI at a lag of 3 months, were significantly correlated with avian cholera incidence, indicating that these factors are likely to have played important roles in the transmission of avian cholera. Meanwhile, the IRRs with 95% CIs that were calculated from the final Poisson regression model indicated that a 1°C increase in the monthly mean temperature may be associated with an 11.4% increase in avian cholera cases. Furthermore, it indicated that a 1% mean relative humidity rise, a 1 mm/day increase in monthly mean rainfall and a 1 unit rise in MEI may lead to increases of, respectively, 1.1%, 2.9%, and 55.3% in the number of avian cholera cases (Table 4 ). The model was tested by analyzing true discrepancies between predicted data from the final multivariate model and the actual number of reported cases. A scatterplot of the results of this comparison is given in Figure 5 . The R 2 value for the predicting 
DISCUSSION
The key finding of this study is that climate variation is an important predictor for avian cholera transmission in the subtropical monsoon regions of southern mainland China. Previous studies have debated the correlation between climate factors and transmission of infectious diseases around the world (Patz et al., 1996; Altizer et al., 2006; Zhang et al., 2010; McCormick et al., 2013; Lee et al., 2015; Rika-Heke et al., 2015) , including in many areas of China (Zhang et al., 2007a; Zhang et al., 2007b; Guan et al., 2008; Huang et al., 2011; Shen et al., 2015) . Outbreaks of avian cholera are known to be frequently correlated with intensive poultry production, climate stress and possible predation in free range flocks (Elfaki et al., 2002) . The severity of infection is usually controlled by strict sanitation and biosecurity measures as well as by vaccination (Rimler & Glisson, 1997) . Environmental contamination during climate events, from diseased poultry or birds, is a primary source of infection and high concentrations of P. multocida have been found in several avian cholera outbreak related mortality events (Pearson, 2001; Waldenström et al., 2003) . Thus, in the present study, we aimed to investigate the effect of climate variation on the incidence of avian cholera. The results confirmed that certain key meteorological factors, with lags 2-3 months, were strongly correlated with avian cholera incidence, and could have been used to predict avian cholera case numbers in Guangxi in the period of 2006-2015. Furthermore, our findings indicated that a potential 1°C rise in monthly mean temperature is associated with a marked increase in avian cholera cases of up to 11.4%, and that a 1% mean relative humidity rise, a 1 mm/day increase in monthly mean rainfall and a 1 unit rise in MEI may lead to, respectively, a 1.1%, 2.9%, and 55.3% increase in avian cholera cases.
The control of avian cholera epidemics is a sustainability challenge and it is worthwhile understanding the root causes, including the influence of climate variation and, in particular, global warming. According to the Intergovernmental Panel on Climate Change (IPCC), an average temperature rise of 1.5-5.8°C has occurred across the globe during the 21 st century (IPCC 2001) (Wu et al., 2016) , and the rate of global warming has been faster than expected (Carey, 2012) . Rising temperature can influence both reproductive rates and the extrinsic incubation period of pathogens. Temperature is an important bio-climatic factor affecting the transmission of P. multocida infection via several causal pathways, including a direct impact on the proliferation of bacteria and indirect effects on feed intake and utilization by the animal host on hot days (Elijah & Adedapo, 2006) . Furthermore, at high temperatures, the thermal stress experienced by animals increases. This thermal stress results from the interaction between ambient temperature, humidity and radiant heat. Within this, ambient temperature plays the dominant role. The thermal stress response in animals is mainly associated with the activation of the hypothalamo-pituitary-adrenal (HPA) and orthosympathic nervous systems, which aggravate the detrimental effects of high body temperature. Under conditions of thermal stress, the feed consumption and metabolic activities of animals reduces, adversely affecting the rate of digestion and feed intake as well as electrolytic and water balance (Abdelqader et al., 2007; Lin et al., 2006) .
In the present study, relative humidity was positively associated with the incidence of avian cholera in Guangxi. High humidity is indicative of increased moisture, which influences the survival of pathogens and adversely affects breathing, food intake and utilization by the animal host. In moist environments, the amount of water vapour that air can hold increases with temperature. High temperature combined with high humidity have negative effects on poultry physiology and performance, such as an increase in body temperature and a decrease in feed consumption (El Boushy & Van Marle, 1978) .
It has been proven that high temperature and a humid environment can reduce the activities of catalase Climate Variability and Avian Cholera Transmission in Guangxi, China and superoxide dismutase (SOD), as well as serum and liver glutathione levels inside the animals' body (Ramnath et al., 2008) . This kind of response could be unfavorable to the animal´s body system, since during thermal stress panting could result in oxidative stress, respiratory alkalosis and an over-production of free radicals in the body (Ramnath et al., 2008) .
Variability in rainfall may have important consequences for the transmission of P. multocida. Rainfall, especially heavy rainfall may adversely affect the frequency and level of drinking water contamination (Zhang et al., 2007b; Zhang et al., 2010) . In addition, precipitation after a long drought usually results in an increase in pathogen numbers, leading to a disease outbreak (Wilby et al., 2005) . Avian cholera can be spread through ingestion of contaminated water, inhalation of water aerosols or by direct animal-to-animal contact (Botzler, 1991; Wobeser, 1992) . Consistent increased rainfall will likely change the ecology of these regions and therefore the ecology of the disease (Gubler et al., 2001 ).
Our findings indicate a possible association between the incidence of avian cholera and the phase of ENSO. ENSO affects weather and climate variability around the world (Zhang et al., 2007b) . Irregular climatic events and global warming may have a significant influence on the transmission of communicable infectious diseases, including avian cholera. MEI, as an optimal indicator of the global climate pattern, supports the concept that large-scale climate indexes may be informative for predicting patterns of disease risk, particularly within larger geographic regions at provincial or national level (Stenseth et al., 2003; Hallett et al., 2004) . A given large-scale climate index may represent a better representation of climate effects than any single local weather variable (for example, a single temperature or rainfall figure) (Stenseth et al., 2003) . Several human and animal infectious disease outbreaks have been shown to be influenced by the climate changes associated with the ENSO phenomenon including cholera (Pascual et al., 2000; Koelle et al., 2005) , dengue (Johansson et al., 2009; Thai et al., 2010; Earnest et al., 2012) , canine parvovirus (Rika-Heke et al., 2015) and rift valley fever (Anyamba et al., 2010) . Previous studies have found that El Niño climate events can cause P. multocida to flourish (Traill et al., 2009) , and the findings of the present study are consistent with the results of these prior studies.
To our knowledge, this is the first report on the relationship between meteorological factors and avian cholera, using existing disease surveillance data from Guangxi province, China. The statistical methods applied to the various sources of data produced a predictive model that accounted for a high proportion of the variation in avian cholera case numbers and that predicted avian cholera incidence with good accuracy. The findings are particularly relevant to local veterinary supervision departments, with regard to their efforts to ensure healthy poultry management and to apply appropriate and timely public health interventions.
The limitations of this study should be acknowledged. Firstly, the analyses were based on official avian cholera outbreak reports, and as such the data were from passive surveillance by Veterinary supervision department. Therefore the quality of the case data is not as good as would be if gathered from active surveillance. Furthermore, underreporting is an important issue in disease surveillance systems and inevitable in the study of infectious diseases, especially animal infectious diseases. Some cases of avian cholera might go underreported due to farmers attempting to avoid economic losses and/or as a result of milder clinical symptoms being unreported. It is likely that the underreporting of cases will have influenced the precision of the model. Secondly, not all variation in the incidence of avian cholera in the study area is caused by climate alone. Other factors, including biological factors, poultry management and movement practices, poultry population density and other potentially influential socio-economic factors may also contribute to the transmission and incidence of avian cholera. Further statistical approaches need to be explored to enquire into these factors in future studies.
In summary, temperature, relative humidity, ENSO index and precipitation were among the cardinal determinants of avian cholera transmission in Guangxi, located in southern China. The findings of this study indicate that meteorological variables were important environment roles in avian cholera transmission. Climate variations have brought and will continue to bring challenges about to prevention and animal disease control. Avian cholera prevention and control measure should be undertaken with precise consideration of local climate variations. Other potential factors should be included in the future studies and such an association should be examined in other locations.
